Bi 2 Te 3 thin films were electrodeposited on silicon substrate with a epitaxial seed layer from acidic aqueous solutions at room temperature. The seed layer optimized the charge transfer in the electrodeposition process and reduced the lattice mismatch between the thin film and the substrate, leading to the Bi 2 Te 3 thin films with uniform structure and highly crystallographically texture. By changing the substrate from doped to intrinsic silicon, we obtained the Bi 2 Te 3 thin films with (00L) preferential orientation which is different from previously reported (015) or (110)-oriented thin films prepared by ECD. The (00L)-oriented thin film showed a more compact structure with lower roughness and an improved thermoelectric performance. The electrical conductivity increased by about 72% compared with the (110)-oriented thin film in our system. Simultaneously, the Seebeck coefficient was comparable, indicating the improvement of power factors by ∼45%. We also altered the thickness of the seed layer from 40 nm to 20 nm and found that both the electrical conductivity and Seebeck coefficient decreased due to the insufficient charge transfer in the electrodeposition process. Thermoelectric devices generate an electric potential gradient when applied thermal gradient, offering a route to efficient and sustainable electrical power harvesting from waste heat, or act as a novel type sensor when exposed to catalytic reaction of hydrocarbon fuel gases.
Thermoelectric devices generate an electric potential gradient when applied thermal gradient, offering a route to efficient and sustainable electrical power harvesting from waste heat, or act as a novel type sensor when exposed to catalytic reaction of hydrocarbon fuel gases. [1] [2] [3] [4] Such microdevice demands for high-performance thermoelectric materials. The thermoelectric figure of merit, ZT, can be expressed as σS 2 Tκ −1 , where σ, S, T, κ are the electrical conductivity, Seebeck coefficient, absolute temperature and thermal conductivity. During the last decade, researchers focused on thermoelectric materials with high figure of merit for practical application. Among the various thermoelectric materials, Bi 2 Te 3 has been a main focus of research interest due to its superior ZT near room temperature. 5 Electrochemical deposition is a promising method to fabricate thermoelectric materials. It was proved to provide a costeffective route to fabricate thermoelectric materials at room temperature, offering good control over the composition, crystallinity and morphology. 6, 7 Compared to other vacuum deposition methods such as evaporation, 8 sputtering, 9 and metal organic chemical vapor deposition (MOCVD), 10 films deposited by electrochemical method have thickness varying from sub-micron to several microns in relative low cost which is needed for potential applications in miniature thermoelectric devices. Depending on the potential or current density parameters used in the experiment, the deposition rate can be varied widely, from several to several tens of microns per hour.
In the past, the studies of electrochemically deposition of thermoelectric materials were carried out by depositing films on metallic substrates. Miyazakii et al successfully demonstrated electrodeposition of Bi 2 Te 3 thin films on Ti sheets. The films prepared between the potential +0.02 V to +0.06 V versus Ag/AgCl exhibited strong (110) orientation, whereas those prepared between +0.06 V to +0.08 V showed (015) preferential orientation. 11 Later, Naylor et al reported the synthesis of highly crystallographically textured stoichiometric Bi 2 Te 3 films with a 100-nm-thick gold layer as working electrode. 12 In the presence of a surfactant, sodium lignosulfonate, they fabricated the improved alignment of films in the (110) orientation. They thought that films with the (110) preferential crystalline orientation, optimized crystallite size, and a chemical composition of Bi 2 Te 3 are required to achieve optimum thermoelectric properties. Some researchers took the pulsed deposition method to control precisely for the thin film structure and most thin films prepared also show the (110) orientation. [13] [14] [15] z E-mail: zgzeng@shu.edu.cn; zhiyuhu@shu.edu.cn However, due to the common use of metallic substrates, there exists a lattice mismatch between the substrate and film which have an effect on the growth of the thin film. The measurement of thermoelectric properties is also complicated for short-circuiting any voltage along the substrate. 7 In order to minimize the negative influence of the substrate, we electrodeposited Bi 2 Te 3 thin films on both doped and intrinsic silicon substrate with a seed layer. The seed layer was fabricated by molecular beam epitaxy (MBE) and it offered the nucleation centers for the subsequent electrochemical growth. The growth process of the Bi 2 Te 3 thin film was optimized by the seed layer as well as the silicon substrate with two kinds of electrical conductivities. Composition, morphologies and thermoelectric properties of thin films with different orientations were investigated. In the presense of 40 nm seed layer, the (00L)-oriented Bi 2 Te 3 thin film was deposited, exhibiting lower surface roughness and enhanced electrical conductivity and power factors.
Experimental
Silicon wafers with different resistance were used as the substrate. Low-resistance silicon wafers (0.8 × 10 −2 cm) with the seed layer were used to investigate the electrochemical deposition parameters for preparing thin films with different preferential orientations. Samples deposited on high-resistance silicon wafers (1000 cm) with seed layer allowed for the measurement of electrical conductivity and Seebeck coefficient due to the poor ability of charge transfer through substrate to the probe. Prior to the electrochemically deposition of the thin film, a Bi 2 Te 3 seed layer was grown on the silicon substrate by MBE in an ultrahigh vacuum chamber with high purity Bi (99.99%) and Te (99.99%) source fluxes. The base pressure of the growth chamber was in the range of 10 −10 Torr. The substrate was heated up to 300
• C, following by the codeposition of Bi and Te. • to 60
• with a step of 0.02
• . In-plane electrical conductivity was measured at room temperature by four-probe method. The Seebeck coefficient was also measured inplane using home-made IR microscope measurement system at room temperature. The IR microscope was used to measure the temperature, which had temperature sensitivity up to 0.1 K and spatial resolution of up to 38 μm. Prior to measuring spatially-resolved temperature profile, the emissivity for the thin film was calibrated by heating the film to a uniform temperature and calibrating the radiance. By using the IR microscope instead of the thermocouple, the minimum influence caused by the contact between the thermocouple and thin film could be expected. After the calibration, one side of the film was connected to a heated source at a fixed temperature and the other side was exposed to room temperature. The temperature difference between both sides is about 2
• C. V was recorded by Agilent 34970A data acquisition and the Seebeck coefficient was derived from the slope of a V vs T.
Results and Discussion
Bi 2 Te 3 thin films were deposited on the seed layer in potentiostatic electrodeposition process. The electrodeposition of Bi 2 Te 3 was carried out from acidic nitric baths. 16 The electrolyte solution consists of Bi(NO 3 ) 3 · 5H 2 O and TeO 2 powders with deionized water and HNO 3 . Adsorption of ions happened at the growth sites at the electrode surface and then the reduction of adsorbed ions at the cathode resulted in the deposits. The seed layer acted as the cathode in the electrochemical process. The chemically reaction can be represented as the following reduction reaction: Figure 1 is the SEM images of electrodeposited thin films with 40 nm seed layer on doped and intrinsic silicon. Thin films with three preferential orientations were observed. The (015)-oriented thin films comprise a dense arrangement of needle-like crystals (Figure 1a and 1b) which were also observed by other researchers. 18, 19 When the deposition condition was further improved, the highest crystallographically textured films of stoichiometric Bi 2 Te 3 were obtained (1) along the c-axis, thermoelectric properties along the a-axis are superior to those along the c-axis, indicating strong anisotropy in physical properties. The (110) orientation is thought favorable to thermoelectric performance of Bi 2 Te 3 thin films. 20, 21 In our work, due to the relative low resistivity of doped silicon substrate (0.8 × 10 −2 cm), the prepared thin films with compact structure shows the (110) orientation, which is consistent with previous reported studies on the electodeposition of Bi 2 Te 3 thin films on metallic substrates. 6, 7, 22 The existance of seed layer helps to reduce the lattice mismatch and thus results in the improved (110) peaks.
When the substrate was replaced with intrinsic silicon (1000 cm), we find that at the cathode potentials of −0.15 V and −0.20 V, the thin film shows preferential orientation of (00L) consistent with the seed layer (Figure 2b) , which means the (00L) crystal plane prefers to be parallel to the wafer surface. This leads to the more smooth surface and uniform crystal size distribution compared to the (015) or (110)-oriented thin films (Figure 1e, 1f) . Figure 3 shows the composition, orientation and deposition rate of as-prepared thin films related to the deposition potentials on both doped silicon and intrinsic silicon substrates. When the intrinsic silicon is used as the substrate, the atomic ratio of thin films deposited at low potentials (i.e., −0.15 V, −0.2 V) is a little far from 2:3 (60.0 at% Te), which is 2:3.78 (65.4 at% Te) and 2:3.88 (66.0 at% Te), respectively, indicating that a Te-rich composition of the (00L)-oriented thin films. When the cathode potential increases to −0.3 V, the obtained stoichiometric Bi 2 Te 3 film shows the same (110) preferential orientations with those deposited at −0.15 V ∼ −0.2 V on doped silicon substrate. The more negative potential of the reduction of adsorbed ions at the cathode is attributed to the conductivity of the substrate since the intrinsic silicon with high resistivity reduces the charge transfer in the electrolyte. However, when the potential continues to increase, thin film shows random orientations. Te content exceeds to 73.36% at the applied potential of −0.5 V. It is probably the reason that the fast growth velocity at the electrolyte make it hard for the Bi 2 Te 3 nuclei to adopt their crystallographic orientation to the seed layer so that they grow along random orientation such as (015) and (205) (Figure 2b) . The morphology and composition of the Bi 2 Te 3 thin film are thought strongly affected by the electrolyte and deposition potential when electrodeposited on the metallic substrates. According to our results, the seed layer as well as the silicon substrate also plays an important role.
The highest deposition rate of the thin film is around 3.0 μm/h on the doped silicon substrate, while 1.3 μm/h on the intrinsic silicon substrate. Both thin films show the highest (110) peak. The deposition rate is much higher when the thin film grows along the normal to the substrate in the (110) plane than in the other directions. The deposition rate of (00L)-oriented thin films is rather low due to the low conductivity of intrinsic silicon and the layer-by-layer growth mode, which is 0.52 μm/h (at the deposition potential of −0.15 V) and 0.58 μm/h (at the deposition potential of −0.2 V), respectively.
The thermoelectric characterization of electrodeposited Bi 2 Te 3 thin films on metallic substrate was reported by several research groups. 17, 22 Since metal has good conductivity, it will introduce artifacts to the measurement of electrical properties. Researchers have taken different methods to eliminate the error. Heo et al used the resin epoxy to separate the films from the Au substrate before measuring. 17 Schumacher et al used the stainless steel substrate so that the film could lift off after deposition. 25 By electrodepositing Bi 2 Te 3 thin films on intrinsic silicon substrate with the help of seed layer, the reduced influence of the substrate on measurement can be expected. Also, to eliminate the influence of the seed layer, the film is considered thick enough (several hundreds of nanometers to several mircons) compared to the Bi 2 Te 3 seed layer (40 nm). Structural effects on electrical properties were investigated. Figure 4 reveals the dependence of electrical conductivity of asprepared thin films on applied deposition potentials and preferential growth orientations. When the thin films were deposited with 40 nm seed layer, the electrical conductivity is the highest for (00L)-oriented thin film (610 S cm −1 ). It increased by ∼72% compared with the (110)-oriented thin film (354 S cm −1 ). As reported in the literature, the (00L) orientation is favorable to the thermoelectric performance of the Bi 2 Te 3 thin films since the structural anisotropy of Bi 2 Te 3 leads to the electrical conductivity along the ab-plane superior to those along the c-axis. 26 The lower roughness of thin films with (00L) orientation is another reason for this improvement. As shown in Figure 5 , the preferential orientation has an influence on the surface roughness of as-prepared thin films. The thin film with particle size of about 230 nm shows strong (015) preferential orientation that restrains the electron transfer due to the rough surface (Rms: 65.6 nm), while the (110)-oriented thin film with particle size of about 120 nm seems to be more compact (Rms: 28.9 nm). The thin film with (00L) preferential orientation has a smooth (Rms: 4.87 nm) and featureless particle size of about 24 nm which is similar with the seed layer (Particle Size: 22 nm, Rms: 4.61 nm). Although smaller particles have more grain boundaries which will scatter the electrons and hence decreases the conductivity, the compact microstructure has a positive effect on the electrical conductivity of the thin films. 27, 28 The overall electrical conductivity is increased for the (00L)-oriented thin film due to the much lower roughness despite its small particle size. However, there is no such trend toward the thin films deposited with the 20 nm seed layer. Detailed discussions are given further below. The comparison of our results with the reported literature is also shown in Figure 4 .
The Seebeck coefficients and power factors of the thin films were also considered in terms of preferential orientations ( Figure 6 ). The Seebeck coefficient is the ratio of the potential and temperature difference between the thin film and seed layer and the power factor, PF = σS 2 , where σ is the electrical conductivity and S is the Seebeck coefficient. The highest Seebeck value 156 μV was obtained at the applied potential of −0.3 V, showing a strong (110) preferential orientation, and the thin film with (00L) preferential orientation has the comparable Seebeck coefficient of 143 μV. The similar result of these two kinds of thin films with different orientations is due to the relatively isotropic Seebeck coefficient of Bi 2 Te 3.
29,30 Also, since the mismatch between the thin film and substrate was reduced with the presence of the seed layer, the Seebeck coefficient is enhanced owing to the decreasing number of defects which restrain the charge transport under the influence of temperature difference. The (00L)-oriented sample exhibits the best power factors of 1247 μW m −1 K −2 while maximum value of 861 μW m −1 K −2 is observed for thin films with (110) preferential orientation. Thus the power factor of the (00L)-oriented thin film is improved by ∼45% compared to the (110)-oriented thin film. It appears that power factors characteristics of as-prepared thin films are either similar or improved in comparison with other researches of electrodepositing Bi 2 Te 3 films by pulsed deposition or post annealing. 12, 18, 27 The main reason for the obtain of (00L)-oriented thin film is the conductivity of the substrate as well as the seed layer. In the electrochemical process, the nucleation and growth take place in an energetically favorable way determining the preferential growth. Since the intrinsic silicon substrate has resistivity of 1000 cm, much larger than that of the metallic substrate (∼10 −7 cm), in the electrodeposition process the electron transfer would take place on the seed layer rather than on the substrate although the seed layer has low thickness (40 nm). Crystals prefer to grow in the direction with relative low resistivity to reduce the difficulty of charge transfer. Since the seed layer shows (00L) preferential orientation and the atoms of Bi 2 Te 3 crystals in (00L) plane are connected by covalent bond, the in-plane electrical conductivity is much higher than that along the other direction, which makes it easy for the crystals grow along the (00L) direction in the electrodeposition process. After growing freely without intensive contact with each other, the thin film prepared by electrodeposition also shows the (00L) preferential orientation. In contrast, when the thin film was deposited on the metallic substrates, Bi 2 Te 3 would nucleate on the substrate more easily than on the as-deposited crystals due to the lower electrical resistivity (∼10 cm) that leads to the occupy of all the available nucleation sites on the substrate. Thin films prepared on metallic substrates mostly showed the (110) preferential orientation.
Furthermore, the seed layer prepared by MBE is the main factor to the uniform structure and improvement of thermoelectric performance. The (00L)-orientated thin films exhibiting high power factors were usually prepared by epitaxial growth methods such as MBE 31 and MOCVD 32 but seldom prepared by electrodeposition. In our experiment, the Bi 2 Te 3 seed layer on the cathode also has a c-orientation. From the XRD spectra, only strong (006) peaks in addition to very weak (0015) peaks corresponding to the Bi 2 Te 3 rhombohedral structure is observed, which agrees with the spectra of as-prepared thin films (Figure 2 ). Since the mismatch of lattice types and parameters is reduced, the electrodeposited thin films may experience a layerby-layer growth mode which restrains defect formations and thus promises the better thermoelectric performance.
We also find that thickness of the seed layer has a significant effect on the morphology, roughness and thermoelectric performance of the prepared thin films. In Figure 4 and 6, the electrical conductivity, Seebeck coefficients and power factors of the samples deposited on the seed layer of 20 nm are compared with the samples deposited on the seed layer of 40 nm. Although the thin film has (006) or (0015) orientations as well, the (015) is the predominant one ( Figure 7) . The thin films exhibit poor thermoelectric performance due to the large particle size and inhomogeneous structure. It is probably attributed to the lower thickness of the seed layer and thus the intrinsic silicon will have more effect on the electrodeposited thin film which results in the insufficient charge transfer in the electrodeposition process. The same effect of the seed layer thickness on further deposition of nanostructured films is reported by Lockett et al who used the seed layer as the template for ZnO nanostructures. 33 Any influence of the substrate on crystallographic texture of the thin film will lead to subtle differences in peak intensity and diffraction angle, which determine the morphology and thermoelectric performance of the thin films. This result was also found in Mishra's work who and his coworkers electrodeposited Bi 2 Te 3 films on carbon nanotubes arrays. 34 
Conclusions
In summary, Bi 2 Te 3 thin films were synthesized by the potentiostatic electrodeposition with the seed layer on the silicon substrate. The seed layer reduced the mismatch between the thin film and substrate in the electrodeposition process. When the intrinsic silicon was used as the substrate, the optimized growth process of the Bi 2 Te 3 thin film resulted in the thin film with (00L) orientation which is different with previous reports of (110)-oriented thin films electrodeposited on the metallic substrates. The (00L)-oriented Bi 2 Te 3 thin films show low surface roughness and uniform structure consistent with the seed layer. The maximum electrical conductivity of the (00L)-oriented thin film increased by ∼72% compared to that of (110)-oriented thin film, while the power factor was improved by ∼45% (1247 μW m −1 K −2 ). The seed-layer assisted electrodeposition method opens new possibilities to understand and optimize the influence of substrate on electrodeposited thin films and it could be extensively applied to the electrodeposite various functional materials on the substrate with poor conductivity.
